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Introduction {#sec1}
============

Electrochemical reduction of CO~2~ (CO2R) is a promising method for converting a greenhouse gas into value-added products, utilizing renewable energy. Novel catalysts, electrode assemblies, and cell configurations are all necessary to achieve economically appealing performance.[@bib1], [@bib2], [@bib3] Nitrogen-doped carbon (N--C) materials are attracting increasing interest as inexpensive and efficient electrocatalysts of this process.[@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9] Despite the rapid progress, summarized in recent review articles,[@bib10], [@bib11], [@bib12], [@bib13] there are still several open questions related to the mechanistic insights. The nature of active centers and the role of different heteroatoms on the catalytic performance have been studied,[@bib8], [@bib14], [@bib15] but the exact nature of the catalytic sites is still under debate. In addition, the composition and structure of these electrode materials are not well defined. The material can contain more than one active center and the distribution of heteroatoms and morphology can also change. Finally, several structural properties vary through these studies, such as the level of graphitization, surface functional groups, surface area, or metal impurities.[@bib8], [@bib16], [@bib17] This makes it very difficult (if not impossible) to compare the results of precedent art. This issue was highlighted recently since several factors, other than the inherent properties of the catalysts, can severely influence the measured activity.[@bib18]

From a morphological perspective, a wide range of carbon structures such as nanofibers, nanotubes, nanospheres, nano-onions, and graphene was investigated.[@bib15], [@bib19], [@bib20] Furthermore, catalyst layers are prepared through different methods (e.g., dip-coating, brush painting, spray-coating, and drop-casting),[@bib5], [@bib7], [@bib15], [@bib21] which usually result in a different porosity of the electrode for even the same catalyst material.[@bib22] The electrode configurations also vary from work to work, being catalysts supported on flat substrates, gas diffusion electrodes, or employed as self-supported catalysts.[@bib7], [@bib21], [@bib23], [@bib24] Several mass transport limitation scenarios[@bib25], [@bib26] can be envisioned in these structures, leading to differences in the overall activity and selectivity.[@bib27] Yet, only a few studies suspected the determinant role of catalyst morphology and porosity on the CO2R performance of carbon-based electrodes,[@bib21], [@bib24], [@bib28], [@bib29] and to the best of our knowledge, no *systematic* studies were performed on this subject up to now.

In the case of metal electrodes, CO2R performance was shown to be affected by the catalyst morphology, particle size, and loading. Alterations in the product distribution were attributed to (1) an increased residence time of products and intermediates in the pores of the nanostructured catalyst layers,[@bib30], [@bib31] (2) differences in mass transport requirements for hydrogen evolution (HER) and CO2R reactions,[@bib32] (3) CO~2~ transport enhancement induced by gas evolution,[@bib33] (4) size and morphology-dependent surface coordination effects,[@bib34], [@bib35], [@bib36] and (5) a field-induced reagent concentration on highly curved surfaces.[@bib37]

The role of porosity was systematically studied in the oxygen reduction reaction (ORR) on N--C electrodes using well-defined porous carbon structures. Macroporous graphitic C~3~N~4~/Carbon composites outperformed its mesoporous counterpart because of the facile reactant transport in the larger pores.[@bib38] In the mesopore range, an intermediate pore size (around 22 nm in diameter) was the best,[@bib39] while the performance was further enhanced by introducing microporosity and modifying surface functionalities.[@bib40] Transport effects in ORR and CO2R, however, are different: ORR results in water formation, which can undergo condensation, while gas-phase products are common in CO2R. Furthermore, the solution chemistry of the reactants is largely different in the two cases.

The above trends gave us the motivation of this study, where we aimed to deconvolute the effect of various structural parameters and thus focus only on the role of the porosity in the CO2R process. This study aims to shine light on the morphology-activity-stability relationships in CO2R electrocatalysis with well-defined carbon-based catalysts materials as an object. In this work, we will show that variations in the porosity of N--C electrodes *alone* can result in massive differences in the electrocatalytic behavior in both activity and selectivity. We will also demonstrate that altered CO~2~ adsorption and wetting properties, along with a curvature effect, are jointly responsible for this intriguing phenomenon.

Results and Discussion {#sec2}
======================

Catalyst Synthesis and Characterization {#sec2.1}
---------------------------------------

As the first step, we have synthesized a series of N--C electrodes by a *totally metal-free* sacrificial support method ([Scheme 1](#sch1){ref-type="fig"}). The *o*-phenylenediamine (oPD) monomer was chemically polymerized in the presence of monodisperse silica nanoparticles. The resulting SiO~2~/PoPD composite was carbonized (pyrolyzed) at 900°C in neat N~2~ flow, followed by the etching of the silica template with hydrogen fluoride (HF). By this "hard templating method," we prepared three N-C samples having pores with 13, 27, and 90 nm nominal diameters (denoted as NC-13, NC-27, and NC-90, respectively) based on the mean size of the silica template used. A nonporous catalyst (NC), without using a silica template, was also prepared for comparison. We used the same oPD/SiO~2~ mass ratio through the synthesis of the porous catalysts, thus fixing the total pore volume for the samples. This synthetic approach allowed us to control the morphological attributes of the electrodes while keeping all other parameters unchanged, as shown in what follows.Scheme 1Scheme of the Catalyst SynthesisCatalysts were synthesized by a sacrificial support method, starting from poly(o-phenylenediamine) polymers and using silica nanoparticles with different diameters as templates. High-temperature carbonization of the silica/polymer composites was followed by etching of the template particles with hydrogen fluoride solution.

The formation of interconnected carbon structures with uniformly sized pores was verified by transmission electron microscopy (TEM) and scanning electron microscopy (SEM) ([Figure 1](#fig1){ref-type="fig"}). The average diameter of the pores (determined from the TEM images) was 12.7 ± 2.1, 26.4 ± 3.9, and 94.8 ± 9.4 nm for the NC-13, NC-27, and NC-90 samples, respectively, mirroring the size of the template silica particles. In contrast, the NC appeared to be smooth, absent of meso- or macropores ([Figure S1](#mmc1){ref-type="supplementary-material"}). The size of the template particles also affected the carbon wall thickness. Semi-quantitatively, the smaller the particles, the thinner the wall size (5--8 nm for NC-13, 10--12 nm for NC-27, and 15--20 nm for NC-90). High-resolution (HR) TEM images, however, revealed similar graphitic structures for all four samples ([Figure S2](#mmc1){ref-type="supplementary-material"}).Figure 1Morphology of the Studied Porous CatalystsTransmission (A:NC-13, B: NC-27, C: NC-90) and scanning (D: NC-13, E: NC-27, F: NC-90) electron microscopy images of the porous N--C catalysts. See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.

N~2~ adsorption and desorption isotherms ([Figure S3](#mmc1){ref-type="supplementary-material"}) of NC-13 and NC-27 showed dominantly mesoporous features with the characteristic hysteresis loops, while the less pronounced capillary condensation for NC-90 (also shifted to higher relative pressures) confirmed its rather macroporous structure. The pore size distribution curves peaked at 13, 30, and 78 nm for NC-13, NC-27, and NC-90, respectively ([Figure S4](#mmc1){ref-type="supplementary-material"}), and further confirmed that uniformly sized pores formed. Specific surface areas were 957 m^2^ g^−1^ for NC-13, 899 m^2^ g^−1^ for NC-27, 665 m^2^ g^−1^ for NC-90, and only 104 m^2^ g^−1^ for NC. The trend in the roughness factors of the electrodes (1 mg cm^−2^ loadings), determined form the double layer capacitance values, were in line with the BET specific surface areas ([Figures S6--S8](#mmc1){ref-type="supplementary-material"}).

X-ray diffraction (XRD) and Raman spectroscopic analysis indicated very similar carbon structures for the catalysts ([Figure S5](#mmc1){ref-type="supplementary-material"}). The intensity ratio of D and G bands in the Raman spectra (characteristic of the defects and the graphitic structure) was 0.89 ± 0.01 for all four samples, indicating an identical density of defect sites. The broad and very weak diffraction at 25° and 43° in the XRD pattern are typical for amorphous carbons. The surface chemical composition of the electrodes was studied by X-ray photoelectron spectroscopy (XPS) ([Figure 2](#fig2){ref-type="fig"}). The relative amounts of carbon, nitrogen, and oxygen atoms were very similar for all N--C samples: the composition was 80--85 atom % C, 6--8 atom % N, and 6--11 atom % O ([Table S1](#mmc1){ref-type="supplementary-material"}). Similarly, the distribution of nitrogen moieties[@bib41], [@bib42] in different chemical environments was almost identical ([Figure 2](#fig2){ref-type="fig"}B; [Table S2](#mmc1){ref-type="supplementary-material"}) for all studied catalysts and was in good accordance with previous results on related materials.[@bib43], [@bib44] Overall, the N--C catalysts were very similar both in terms of the surface functional groups (chemical properties) and the electronic features. Therefore, they offer a platform to systematically study the effect of morphology on the CO2R performance.Figure 2X-Ray Photoelectron Spectroscopic Data for the NC-90 Sample(A) N1s XPS pattern for the NC-90 catalyst.(B) Distribution of the N species in different chemical environments.See also [Table S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.

Electrochemical CO~2~ Reduction Performance {#sec2.2}
-------------------------------------------

The CO2R activity of the N--C electrodes with the same catalyst loading (1.00 ± 0.07 mg cm^−2^) was first tested by linear sweep voltammetry (LSV) in a CO~2~-saturated KHCO~3~ solution ([Figure 3](#fig3){ref-type="fig"}A). NC-27 and NC-13 showed the highest current densities, exceeding 25 mA cm^−2^ at --1.0 V (versus RHE). Only half of this current was recorded for NC-90, while currents stayed below 5 mA cm^−2^ for NC. The onset potential for the reduction was --0.27 ± 0.03 V (versus RHE) for all samples ([Figure S9](#mmc1){ref-type="supplementary-material"}), further confirming that the chemical features of the active centers are identical. To deconvolute the evident surface area effect, currents were normalized by the roughness factors too ([Figure S10](#mmc1){ref-type="supplementary-material"}). The trend in the current densities remained the same among the porous samples, implying that structural features other than the variations in the specific surface area are responsible for the differences in the catalytic performance.Figure 3Electrochemical Reduction Performance of the Studied Catalysts(A) Linear sweep voltammograms of the catalysts recorded in a CO~2~-saturated 0.5 M KHCO~3~ solution with 5 mV s^−1^ sweep rate.(B) Total current densities recorded in the 40^th^ min of the potentiostatic electrolysis in a 0.1 M KHCO~3~ solution, saturated with CO~2~. Currents are normalized by the geometrical surface area of the electrodes. Error bars reflect the average of three parallel measurements for different samples, and data are represented as mean ± SEM.See also [Figure S10](#mmc1){ref-type="supplementary-material"}.

Product selectivity was studied by *on-line* gas chromatography (GC) and *ex situ* nuclear magnetic resonance (NMR) spectroscopic analysis of the gas and liquid-phase products during potentiostatic electrolysis. We detected the formation of CO and H~2~ accounting for more than 95% of the total products (in some cases, trace amounts of methane and formate were also seen). The total current density versus potential curves is plotted in [Figure 3](#fig3){ref-type="fig"}B. The order in the total currents followed the same trend as during the LSV measurements normalized either by the geometric surface areas or by the roughness factors ([Figure S10](#mmc1){ref-type="supplementary-material"}).

The porosity of the N--C electrodes immensely affected the selectivity, too ([Figure 4](#fig4){ref-type="fig"}C). While the CO/H~2~ ratio went through a maximum peaking at --0.6 V (versus RHE) for NC-27 and NC-13; NC-90 and NC showed a continuous decrease in this ratio in the studied potential window. A general trend in decreasing CO selectivity with increasing pore size was observed at all potentials; however, differences in the product distribution were more obvious above --0.7 V (i.e., where CO2R dominated over HER). The highest CO selectivity was achieved for NC-27 at all potentials, peaking at --0.6 V with 76%.Figure 4Electrochemical CO~2~ Reduction Selectivity of the Studied Catalysts(A and B) Partial current densities for H~2~ (A) and CO (B) formation on the N--C catalysts during potentiostatic electrolysis in a CO~2~-saturated 0.1 M KHCO~3~ solution.(C) Molar ratio of the CO and H~2~ products as a function of the electrode potential. Data points are measured in the 40^th^ min of the electrolysis, and currents are normalized by the geometric surface areas. Error bars reflect the average of three parallel measurements for different samples, and data are represented as mean ± SEM.See also [Figure S11](#mmc1){ref-type="supplementary-material"}.

H~2~ partial current densities (*I*~HER~) exponentially increased with increasing overpotential, indicating a purely kinetic process ([Figure 4](#fig4){ref-type="fig"}A). *I*~HER~ was practically the same for NC-27 and NC-13 but showed a 2- to 3-fold decrease for NC-90. In contrast, CO partial currents (*I*~CO~) increased in the order of NC-90 \< NC-13 \< NC-27 and showed distinct potential dependences for the various samples ([Figure 4](#fig4){ref-type="fig"}B). While *I*~CO~ increased continuously with more negative potentials for NC-90 and NC, it declined at --1.0 V in case of NC-27 and NC-13. This suggests that besides the charge transfer kinetics, other complications arise in the CO2R, which are also dependent on the porosity. The superior CO production activity of NC-27 among the studied catalysts was even more pronounced when we normalized the partial currents by the roughness factors ([Figure S11](#mmc1){ref-type="supplementary-material"}). Overall, the mesoporous NC-27 performed best both in terms of total activity and CO selectivity, which is in line with a recent report on similar catalysts.[@bib29] The decreased catalytic performance of NC-13 was because of the decreased CO2R, while for NC-90, it was the effect of the simultaneous attenuation of the HER and the CO2R. In this case, the CO selectivity approached the bulk-like behavior. Also, note that *not* the best performing NC-27 catalyst contains the highest amount of pyridinic and graphitic N-moieties, which sites are supposed to be the active sites in CO2R for such materials.[@bib13] This further supports our notion, namely that the observed trends in catalytic activity are more likely rooted in the different morphology as discussed below, and the contribution of the slightly different chemical properties is inferior.

Overall, the performance of the N-C catalyst described in this study is comparable to that of the other carbon-based CO-selective electrodes reported earlier (see an extensive compilation of precedent art in [Table S4](#mmc1){ref-type="supplementary-material"}). The highest CO production activity was reached for NC-27 at ‒0.8 V with ‒1.85 mA cm^−2^ partial current density, which falls in the activity range of metal-free N-doped carbon catalysts measured under similar conditions (electrolyte, substrate electrode, and cell type). Preliminary experiments in a membrane-separated continuous-flow cell (data not shown) resulted in 70 mA cm^−2^ CO2R partial current density, which is also in the range measured for similar catalysts (see [Table S4](#mmc1){ref-type="supplementary-material"}). Furthermore, the activity of our best performing catalyst is also close to many *metal*-nitrogen-doped carbons (M--N--Cs). The advantage of incorporating atomically dispersed metals into the carbon structure is evident from the literature comparison, especially in the case of Ni--N--C materials. The optimization of the carbon framework, however, is also crucial in the M--N--C catalysts. Taking into account these considerations, our set of catalysts is a relevant *model system* for the investigation of the morphological effects of the carbon structure in CO2R. Moreover, as data on rate-controlling steps in CO2R are scarce and under dispute, this work provides a baseline and *a low-parameter variability study* on the effect of morphology in this electrochemical process. This allows us to separate the adsorption steps in catalyst reactivity and demonstrate that a "holistic materials design," which includes porosity at several length scales is needed for successful implementation of electrochemical processes for CO~2~ valorization.

Control Experiments {#sec2.3}
-------------------

To prove that the above observations are not the results of the unlikely variation in the layer thicknesses for the different catalysts with the same mass loadings, we studied the product distributions for NC-27 with three different loadings (0.50, 1.00, and 1.50 mg cm^−2^). The total and partial current densities increased with increasing mass ([Figure S12](#mmc1){ref-type="supplementary-material"}); however, the specific activity (currents normalized by the roughness factors) diminished for the thicker layers ([Figure S13](#mmc1){ref-type="supplementary-material"}). This might be the result of the higher mass transfer resistance of the thicker layers. The CO/H~2~ selectivity was similar for the layers with 0.50 and 1.00 mg cm^−2^ loadings at all studied potentials. For the layers with 1.50 mg cm^−2^ loadings, it was around 1.3 times lower than the thinner layers above --0.7 V, while slightly higher at more negative potentials. Changes in the layer thickness influenced slightly the product distribution; however, its effect was far not as pronounced as that of the variations in the pore size.

Factors behind the Changing Selectivity {#sec2.4}
---------------------------------------

The differences in the CO2R activity and selectivity can be rationalized by taking into account three main factors: (1) wettability of the catalysts, (2) CO~2~ adsorption in the differently sized pores, and (3) curvature effects. The wetting properties of the NC samples were investigated by measuring the dynamic (advancing and receding) contact angles of the thin layers ([Figure S14](#mmc1){ref-type="supplementary-material"}). The surface energies ([Figure 5](#fig5){ref-type="fig"}A) were calculated from the contact angle hysteresis.[@bib45] The nonporous NC catalyst was the least hydrophobic (*Θ* = 128.5°) and presented the highest hysteresis, resulting in the highest surface energy (*γ*~s,tot~=6.35 ± 2.31 mJ m^−2^). Introducing pores into the carbon framework decreased the surface energy to about 2 mJ m^−2^ (ideal porosity) independently of the pore size. This effect is in line with previous morphology-surface energy correlations.[@bib46], [@bib47] Importantly, this trend in the surface energies may partially account for the enhanced CO2R performance (versus HER) of the porous samples, compared to the flat NC, in the absence of flooding water.[@bib27]Figure 5Wettability and CO~2~ Adsorption Measurements to Reveal the Factors behind the Changing Selectivity(A) Surface energies of the studied catalysts calculated from dynamic contact angle measurements. The inset shows the representative images of water drops on the surface of the catalyst layers used for the determination of contact angles for NC-27 and NC.(B) Temperature-programmed CO~2~ desorption profiles of the studied catalysts.See also [Figure S14](#mmc1){ref-type="supplementary-material"}.

As the dynamics of gas bubble formation on the electrode surface depend on the wettability and morphology (among others), the size of the bubbles was analyzed along with their residence time during potentiostatic electrolysis ([Figure S15](#mmc1){ref-type="supplementary-material"}). Such analysis is important because the release of gas bubbles can enhance mass transport of the reactant by inducing convective flow, hence reducing the diffusion layer thickness, leading to higher catalytic current density.[@bib33] In addition, large bubbles, which remain on the electrode surface for a longer time, can partially block the active area resulting in lower current density.[@bib48] The departing bubbles were relatively large on all N--C catalysts (few hundred μm) because of the hydrophobic character of the samples. The increase in the overpotential (hence the current density), reduced both the departure diameters and the residence time ([Figure S16](#mmc1){ref-type="supplementary-material"}A). The residence time decreased drastically for the porous samples, compared to the nonporous NC. Comparing the porous samples, both the residence times and the departure diameters decreased with the reduction of the pore size ([Figure S16](#mmc1){ref-type="supplementary-material"}B) (i.e., in the order of NC-90 \> NC-27 \> NC-13). This finding is in agreement with previous reports, where enhanced bubble release was observed in nanostructures with smaller dimensions.[@bib33], [@bib48] The distribution diagrams also revealed that polydispersity of the bubble size and residence time increased with increasing pore size ([Figure S17](#mmc1){ref-type="supplementary-material"}) suggesting progressive nucleation. The differences in residence time can be an additional reason for the superiority of the porous catalysts compared to the flat NC and also for the better performance of NC-27 and NC-13 than NC-90. In contrast, these findings do not explain NC-27 being the best performing electrode, as the bubble-induced CO~2~ transport enhancement effect is expected to be the highest in the case of NC-13.

Temperature-programmed desorption was employed to study the CO~2~ adsorption strength of the catalysts ([Figure 5](#fig5){ref-type="fig"}B). While only one desorption peak was present in case of the NC, CO~2~ desorption from the *porous* samples happened in two distinct steps. We assume that the first step at a lower temperature (\< 400 K) is connected to the adsorbed CO~2~ on the outer surface of the catalyst layers, and the second step is linked to the desorption of CO~2~ from the inner surface of the pores (which is absent for NC). The temperature of the desorption *from the pores* was the highest (433 K) for NC-27, implying the highest CO~2~ adsorption strength. As NC-27 performed best also in the CO~2~ conversion, we assume a link between the CO~2~ adsorption and reduction activity. Considering that the studied N−C catalysts are practically identical in terms of N-containing moieties, we suggest that the distinct CO~2~ adsorption strengths arise from the differences in the pore structure. In this case, the strain induced on the CO~2~ adsorption sites by the differently curved surfaces is optimal for the 27 nm pores. This curvature-dependent binding strength of CO~2~ is similar to what was reported for both graphene and N--C materials, based on computational methods.[@bib49], [@bib50] Additionally, the importance of differently curved adsorption sites was highlighted in ORR for N--C materials, based on experimental evidence.[@bib51]

We also note that the presented N--C structures are not ideal and present several levels of chemical and morphological defects. These are defects in the carbon structure; therefore, the contribution of edge-site-expressed defects versus in-plane sites might be of importance. The differently curved pores may indeed contribute to a different ratio of in-plane versus edge defects. For smaller pores, we may expect more edge site defects than in-plane ones, resulting in higher catalytic activity. High-resolution C1s XPS indeed revealed a higher amount of graphitic carbon in the NC than the porous samples ([Figure S18](#mmc1){ref-type="supplementary-material"}; [Table S3](#mmc1){ref-type="supplementary-material"}). This is probably because of the lower concentration of defects and edge sites in the case of a flat structure compared to the curved ones. Carbon speciation of all three porous catalysts, however, was identical based on the XPS (within the experimental error). Finally, we note that higher curvature (i.e., smaller pore diameter) can also lead to field-induced CO~2~ accumulation (condensation), which can also contribute to the enhanced CO~2~ reduction performance of NC-27 and NC-13, as demonstrated earlier in the case of metal electrodes.[@bib37]

Activity-Selectivity-Stability Correlations {#sec2.5}
-------------------------------------------

Stability of the catalytic performance is a key point in catalyst development, especially from the perspective of future application. This is a particularly intriguing issue for a nano-engineered catalyst, where the morphology might alter during operation, thus causing changes in the catalytic properties.[@bib52] To find the key parameters dictating the stability of the N--C catalysts, the decay of the catalytic currents, for both HER and CO2R, was studied as a function of potential, catalyst activity (*I*~CO~ and *I*~H2~), and selectivity (CO/H~2~ ratio). We found that the higher the CO production rate (*I*~CO~), the more stable the CO2R activity ([Figure 6](#fig6){ref-type="fig"}A). Importantly, all data points fell on the same trendline, irrespective from the sample studied. Notably, the data points are clustered: NC-27 is the most stable, followed by NC-13, NC-90, and finally NC. Another representation of the same data for the most active and stable NC-27 sample is shown in [Figure 6](#fig6){ref-type="fig"}B. This interpretation further confirms that stability correlates with activity, and they both increase with the overpotential.Figure 6CO~2~ Reduction Activity-Stability-Selectivity Correlations(A) Stability of the CO partial currents during 70 min of operation as a function of the CO partial currents in the 15^th^ min of the potentiostatic electrolysis for the different samples.(B) CO partial currents (left) and stability of CO partial currents (right) during 70 min of electrolysis as a function of the electrode potential for NC-27.(C) Stability of the CO partial currents during 70 min of operation as a function of the CO selectivity for NC-27. Error bars reflect the average of three parallel measurements for different samples, and data are represented as mean ± SEM.See also [Figures S19--S21](#mmc1){ref-type="supplementary-material"}.

We were also interested to see the relationship between stability and selectivity. Interestingly, a clear trend was witnessed for all porous samples, and the example of NC-27 is shown in [Figure 6](#fig6){ref-type="fig"}C. The stability rapidly decreased with the increasing CO2R selectivity (i.e., CO/H~2~ ratio). Although this dataset highlights the trade-off between selectivity and stability for the N--C catalyst, the underlying mechanistic insights still have to be uncovered.

Overall, we identified that higher CO formation activity and lower CO selectivity resulted in more stable CO production in time, independently of the porosity. In the HER, however, no such unambiguous correlations were found ([Figure S19](#mmc1){ref-type="supplementary-material"}), and even some HER performance *increase* was seen, while the CO2R activity decreased. Finally, we also tested the morphological stability of NC-27. No major changes in the porosity could be observed after a 4 h long potentiostatic electrolysis at ‒0.6 V, as seen on the SEM images taken before and after CO~2~ reduction ([Figure S20](#mmc1){ref-type="supplementary-material"}). Changes in the HER and CO2R currents followed that same pattern as discussed above ([Figure S21](#mmc1){ref-type="supplementary-material"}).

In summary, we found that CO2R activity, selectivity, and stability of N--C electrodes are highly dependent on their porosity. The presence of mesopores was demonstrated to be beneficial in achieving high CO selectivity and current density, with an optimal pore size around 27 nm. Even after convoluting factors other than morphology (e.g., surface chemistry, level of graphitization, surface area), the reasons behind the observed trends are complex. CO~2~ adsorption properties, wetting characteristics, and geometric effects are jointly responsible for the massive difference in the CO2R performance. All these properties must be taken into consideration when we aim to understand the reduction mechanism on different catalysts and while improving the performance further to a technologically relevant level (as alternatives to precious metal catalysts).

Experimental Procedures {#sec3}
=======================

Catalyst Synthesis and Electrode Preparation {#sec3.1}
--------------------------------------------

All chemicals were used as received, without further purification. Aqueous solutions were prepared using deionized water (Millipore Direct Q3-UV, 18.2 MΩ cm).

The catalysts were synthesized by a sacrificial support method using oPD as the carbon and nitrogen precursors. A solution containing 0.58 M oPD (C~6~H~8~O~2~, Merck, 108.14 g/mol), 0.72 M hydrochloric acid (HCl; VWR International, 37%, 36.46 g/mol), 0.19 g/cm^3^ silica nanoparticle (see [Table 1](#tbl1){ref-type="table"}) was vigorously stirred for ∼15 min to adsorb the monomer molecules on the silica surface. A solution of 2.7 M ammonium persulfate (APS; (NH~4~)~2~S~2~O~8~, Acros Organics, 228.19 g/mol) in 1 M HCl was dropwise added to the oPD solution (n(oPD) / n(APS) = 0.8) at 0°C (ice bath) and stirred for 24 h to complete the polymerization process. The obtained PoPD / SiO~2~ composites were dry-freezed, then pyrolyzed at 900°C in a tube furnace in N~2~ flow (110 cm^3^/min). Heating program: room temperature (RT)--5°C/min--180°C (1 h)--5°C/min--900°C (2 h). The silica nanoparticles were etched out overnight with an excess amount of 15 wt % HF (VWR, 40 wt %, 20.01 g/mol) solution. Finally, the nitrogen-doped carbon catalysts were washed thoroughly with ultrapure water, until close to neutral pH (\>5) was reached. The nonporous (NC) sample was prepared by the same procedure but without the use of silica colloid.Table 1Silica Colloids Used as Templates in the Synthesis of the N--C CatalystsSilica colloidMean diameter/nmwt %LUDOX-HS40 (Aldrich)1340%LUDOX-TM50 (Aldrich)2750%LEVASIL CT3-PL (AkzoNobel)9050%

For the electrochemical measurements, the catalysts were spray-coated onto the surface of glassy carbon plates. The substrates were polished with 0.05 μm MicroPolish Alumina (Buehler), rinsed, and sonicated in acetone (C~3~H~6~O, 58.08 g/mol, VWR), ethanol (C~2~H~6~O, 46.07 g/mol, 99%, VWR), and ultrapure water before spray-coating. The catalyst ink consisted of 5 mg/mL catalyst dispersed in 10 mL ethanol-ultrapure water mixture (50 V/V%) containing 100 μL Nafion dispersion (FuelCell Store, 10%). Spray-coating was performed with a homemade automated spray-coating equipment at 110°C until the desired catalyst loading was achieved. The exact amount of catalyst coated was always measured with a microbalance.

Electrochemical Measurements {#sec3.2}
----------------------------

Electrochemical measurements were carried out using an Autolab PGSTAT 204 instrument. Potentials were measured against an Ag/AgCl/3 M NaCl reference electrode, but they are given versus the reversible hydrogen electrode (RHE) in the text (*E*~RHE~ = *E*~Ag/AgCl~ + 0.20 V + 0.059 V × pH).

Cyclic voltammograms (for the determination of the electrochemically active surface areas of the electrodes) were recorded in a one-compartment three-electrode setup using the catalyst-coated glassy carbon substrates as the working electrodes, a Pt foil as the counter electrode and the Ag/AgCl/3 M NaCl electrode as the reference. These measurements were carried out in an Ar-saturated (Messer, 99.995 %) 1 M sodium sulfate solution (Na~2~SO~4~ anhydrous, 142.04 g/mol, 99% Alfa Aesar).

Linear sweep voltammetric and chronoamperometric electrolysis measurements were performed in a two-compartment sealed electrochemical cell with the cathode and anode compartments separated by a Nafion-117 membrane. For the analysis of gas-phase products, the cathode compartment of the cell was directly connected to the inlet of the gas chromatograph via a six-port valve. In the CO~2~ reduction experiments, CO~2~-saturated (Messer; 99.995%) potassium hydrogen carbonate (KHCO~3~, 100.12 g/mol, VWR) solutions were used. The error bars on the figures reflect the average of three parallel measurements for different catalyst layers.

Roughness factors of the N--C electrodes were calculated from the electrochemical double layer capacitance (*Q*~*dl*~) values determined by cyclic voltammetry. Cyclic voltammograms were recorded in an Ar-saturated 1 M Na~2~SO~4~ solution between −0.21 and 0.61 V (versus RHE) applying different sweep rates. The double layer current (*I*~*dl*~) was determined at 0.41 V as the difference between the anodic and cathodic currents (*I*~*dl*~ *= I*~*a*~*−I*~*c*~). I~dl~ was plotted as a function of the sweep rate (v) and *Q*~*dl*~ was calculated from the slope (*s*) of this curve (Q~*dl*~ = *s*/2). The *Q*~*dl*~ values obtained for the N--C electrodes were compared to that of a bare, smooth glassy carbon electrode (assuming surface roughness of 1). Roughness factors were given by the ratio of these two values.

CO~2~ Reduction Products Analysis {#sec3.3}
---------------------------------

Gas-phase CO~2~ reduction products were analyzed by *on-line* GC, using a Shimadzu-2010 Plus GC equipped with a barrier ionization discharge detector. A Shincarbon ST column was used for the separation. During electrolysis, 0.5 mL of the headspace gas was injected into the GC at around 15, 40, and 68 min. Analysis parameters were the following: carrier gas: helium; oven program: T~start~ = 35°C (2.5 min), *ΔT*~ramp~ = 20°C min^−1^, T~end~ = 270°C (3 min); injection temperature: T = 150°C; linear velocity was controlled by the pressure *p*~start~ = 250 kPa (2.5 min) *Δp*~ramp~ = 15 kPa min^−1^ *p*~end~ = 400 kPa (7.5 min); and split ratio: 10.

Liquid-phase products were analyzed by NMR spectroscopy acquired on a Bruker NMR Avance 500 MHz instrument. Water suppression was used to eliminate the peak of the water. 450 μL of the electrolyte sample was mixed with 50 μL D~2~O (Sigma Aldrich, 99.9 atom% D) containing dimethyl-sulfoxide (DMSO, C~2~H~6~SO, 78.13 g/mol, Alfa Aesar) and phenol (C~6~H~6~O, 94.11 g/mol 99.5% Sigma Aldrich) as the internal standards. The ratio of peak areas of the products and the internal standards were used for the calibration. Peak areas of the products right to the water peak were compared to the peak area of the DMSO, while peak areas of products left to that were compared to the peak area of the phenol.

Error bars were determined from at least three parallel measurements for separate electrodes.

Materials Characterization Techniques {#sec3.4}
-------------------------------------

XPS spectra were acquired on a Kratos Axis Ultra DLD spectrometer. A monochromatic Al Kα source operated at 300 W. No charge neutralization was needed. CasaXPS was used for the data analysis (three regions were analyzed per sample). The survey patterns were acquired at 80 eV pass energy. The high-resolution patterns for C 1s and N 1s were acquired at 20 eV pass energy and fitted with a 70% Gaussian-30% Lorentzian line shape with fixed full-width half maximum of 1.0--1.2 eV for C and of 1.3--1.5 eV for N. For consistency, the positions and width of peaks used in the curve-fit was adapted from previously established protocol.[@bib43], [@bib53]

XRD patterns were recorded between 2*θ* = 10°--80° at 1° per min scan rate on a Rigaku Miniflex II instrument, operating with a Cu Kα,1 radiation source (*λ* = 0.1541 nm)

For the determination of the BET surface areas, the samples were outgassed under N~2~ flow at 120°C overnight using a Micromeritics flow prep system. The surface area was then measured using N~2~ adsorption at 77 K in a Micromeritics Gemini 2360 multipoint BET analyzer.

N~2~ adsorption/desorption isotherms were recorded at 77.4 K on a Quantachrome Nova 3000e instrument. Samples were outgassed at 200°C for 2 h before measurement. Pore size distribution curves were calculated using the Barrett-Joyner-Halenda method excluding points below 0.35 relative pressure.

Raman spectroscopy was measured with a Senterra II Compact Raman microscope (Bruker), using 532 nm laser excitation wavelength, operating at a power of ≤ 2.5 mW, and a 50× objective.

Transmission electron microscopic (TEM) images were recorded by using a FEI Tecnai G2 20 X-Twin type instrument, operating at an acceleration voltage of 200 kV. A Hitachi S4700 field emission scanning electron microscope (SEM) was operated at an accelerating voltage of 10 kV.

The dynamic advancing (*Θ*~adv~) and receding (*Θ*~rec~) contact angles of the layers were measured applying an EasyDrop drop shape analysis system (Krüss GmbH, Hamburg, Germany) controlled with the DSA100 software, equipped with a Peltier temperature chamber (T = 25.0°C ± 0.5°C, under atmospheric pressure and constant humidity) and a steel syringe needle of 0.5 mm diameter. During the measurements, distilled water was used as a test liquid. The total apparent surface free energies (*γ*~s,tot~) of the layers were calculated from these dynamic contact angle data, knowing the surface tension of the distilled water, (*γ*~l~, 72.1 mN m^−1^ at 25°C) and the contact angle hysteresis, which is defined as the difference between the *Θ*~adv~ and *Θ*~rec~ as shown by [Equation 1](#fd1){ref-type="disp-formula"}.[@bib45]$$\text{γ}_{\text{s}}^{\text{tot}} = \left( \frac{\text{γ}_{\text{l}}\left( {1 + \cos\text{θ}_{\text{adv}}} \right)^{2}}{\left( {2 + \cos\text{θ}_{\text{rec}} + \cos\text{θ}_{\text{adv}}} \right)} \right)\text{.}$$

*In*-*situ* bubble formation during potentiostatic electrolysis was recorded with a digital microscope (500 × magnification) at different potentials in a CO~2~-saturated 0.1 M KHCO~3~-solution. The size of the bubbles---right before their departure from the electrode surface---was determined with the ImageJ image processing and analysis software.

Temperature-programmed CO~2~ desorption (TPD) profiles were recorded with a BELCAT-A instrument. Samples were heated to 500°C for 1 h in N~2~ atmosphere prior to the measurements to remove all the adsorbed species from the surface. The catalysts were cooled in He atmosphere to 50°C, and CO~2~ was adsorbed at this temperature for 30 min. This was followed by a He rinsing step (15 min), when the excess (not adsorbed) CO~2~ was removed. In these steps, the flow rate of the gases was 50 mL min^−1^. For the CO~2~, desorption step samples were heated in He with 10°C min^−1^ heating rate (30 mL min^−1^ flow rate). The desorbed CO~2~ was analyzed with a TCD detector.
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